The actions of the neuropoietic cytokines are mediated by the gp130 receptor, which activates several signaling molecules including the transcription factor STAT3 (signal transducer and activator of transcription), which, in turn, is subject to feedback inhibition by SOCS3 (suppressor of cytokine signaling). Activation of the gp130 receptor has been implicated in axonal growth particularly during regeneration, but the specific contribution of STAT3 is the subject of conflicting reports. Measurements of SOCS3 mRNA in rat dorsal root ganglia showed a significant induction in this inhibitory molecule after peripheral nerve injury. The functions of STAT3 and SOCS3 in adult rat primary sensory neurons were investigated in vitro through transduction of lentiviruses yielding a conditionally activated STAT3, native SOCS3, or a mutant SOCS3 with dominant-negative actions. The SOCS3 construct was effective in inhibiting tyrosine phosphorylation of STAT3 in a neuroblastoma cell line and in blocking nuclear accumulation of endogenous STAT3 or of the conditionally activated STAT3 chimera in primary sensory neurons. In such neurons, transduction and activation of STAT3 enhanced neurite growth, transduction with SOCS3 reduced neurite outgrowth, and transduction with mutant SOCS3 enhanced neurite growth, at least under basal conditions. In conclusion, STAT3 signaling is beneficial to axonal growth through activating transcription of unidentified genes, and SOCS3 is detrimental to axonal growth through inhibition of STAT3 and/or other transcription factors.
Introduction
Axonal growth is regulated by post-transcriptional events at the growth cone (Li et al., 2004; Ren et al., 2004; Zhou et al., 2004) , which are modified in ways that are not yet precisely defined by the products of "regeneration-associated genes" (Kobayashi et al., 1997; Bomze et al., 2001 ). The molecular changes within primary sensory neurons that mediate a propensity for regeneration after peripheral nerve injury are instigated, at least in part, by neuropoietic cytokines such as interleukin-6 (IL-6), leukemia inhibitory factor (LIF), and ciliary neurotrophic factor (CNTF) and by the gp130/Janus kinase (JAK) receptor complex. Evidence for this statement includes observations that the concentration of IL-6 is increased in dorsal root ganglia (DRGs) after nerve injury (Murphy et al., 1995) , that regeneration is impaired in mice with null deletion of LIF (Cafferty et al., 2001) or IL-6 (Galiano et al., 2001; Cafferty et al., 2004) , and that regenerative responses are suppressed by pharmacological inhibition of JAK2 (Liu and Snider, 2001) .
gp130 is the unique signaling receptor for IL-6 and combines with the LIF␤ receptor to mediate the actions of CNTF and LIF. Dimerization of gp130 leads to recruitment and phosphorylation of receptor-associated JAK1 and JAK2, which phosphorylate and cause the dimerization of STAT3 (signal transducer and activator of transcription), leading to its nuclear translocation and the transcription of target genes. Although STAT3 is its major signaling pathway, gp130 also activates extracellular-regulated kinase (ERK), phosphoinositide 3 kinase, and other signaling pathways (Heinrich et al., 2003) . The specific contribution to neurite growth of STAT3, as distinct from gp130, is controversial. In pheochromocytoma PC12 cells, results of experiments involving directed mutagenesis of gp130 suggested that STAT3 signaling inhibits differentiation (Ihara et al., 1997) , whereas results with a dominant-negative mutant of STAT3 implied the contrary (Wu and Bradshaw, 2000) . In both PC12 cells and mouse sympathetic neurons, signaling from the LIF␤ receptor is detrimental to neurite growth (Ng et al., 2003) . However, the influence of STAT3 signaling on axonal growth in neurons has not been addressed.
In most cell types, SOCS3 (suppressor of cytokine signaling), one of a family of eight, provides feedback inhibition of STAT3 signaling through its binding to tyrosine residue 759 (human; residue 757 in mouse) (Fischer et al., 2004) of gp130. Null deletion of SOCS3 in mice causes death in utero (Roberts et al., 2001) , deletion of SOCS3 in hematopoietic stem cells causes hypersensitivity to granulocyte colony-stimulating factor and inflammatory disease (Croker et al., 2004) , deletion of SOCS3 in macrophages suppresses responses to lipopolysaccharide through disinhibition of IL-6 signaling (Yasukawa et al., 2003) , and deletion of SOCS3 in the brain increases sensitivity to leptin and resistance to obesity (Mori et al., 2004) . In brief, SOCS3 has noncompensable functions in several cell types including neurons; its function in axonal growth has not been evaluated.
Here, it is shown in rat primary sensory neurons in vitro that overexpression and activation of STAT3 stimulates neurite growth, that overexpression of SOCS3 blocks nuclear translocation of both endogenous and exogenous STAT3 and neurite outgrowth, and that neutralization of endogenous SOCS3 through overexpression of a mutant SOCS3 (mSOCS3) stimulates neurite outgrowth.
Materials and Methods
Animal surgery. All procedures were performed according to United Kingdom Home Office regulations. Adult rats weighing 200 -250 g were anesthetized by halothane inhalation and subjected to transection of the left sciatic nerve at mid-thigh level. Rats were allowed to live for 6 h to 1 month after nerve injury. After they were killed, ipsilateral and contralateral L4 and L5 DRGs (lumbar DRGs) were removed and either stored directly in liquid nitrogen or kept in ice-cold HBSS for neuron culture.
RNA extraction and cDNA synthesis. For extraction of RNA, frozen DRGs or dissociated neurons washed with PBS were pulverized in liquid nitrogen and homogenized in Trizol reagent (Invitrogen, Paisley, UK). After phenol-chloroform extraction and isopropanol precipitation, total RNA was washed twice with 75% ethanol, air dried, and stored in water with 0.5 U/l RNase inhibitor at Ϫ80°C until use. Reverse transcription of 1-3 g aliquots of RNA was performed with Superscript III reverse transcriptase (Invitrogen), and the enzyme was inactivated by heating at 70°C for 15 min.
Real-time PCR. cDNA synthesized from 50 -100 ng of total RNA extracted from L4 and L5 DRGs was used for quantitative real-time PCR in a Rotor-Gene 3000 machine (Corbett Research, Sydney, Australia) with SYBR Green chemistry (Qiagen, Hilden, Germany). To generate standard curves for SOCS genes and 18S RNA, adult rat spleen was harvested 24 h after intraperitoneal injection of lipopolysaccharide. The primers were 5Ј-TGGCTACTGCAGTGCACCTG-3Ј and 5Ј-TCCAGCTGT-CACATGCATGC-3Ј for CIS (cytokine-inducible SH2 domaincontaining protein; genome survey sequence ID (GI): 13277785), 5Ј-TTGGTGCGCGACAGTCG-3Ј and 5Ј-ACGTAGTGCTCCAGC-AGCTC-3Ј for SOCS1 (GI: 22024395), 5Ј-GACGTCAGCTGGACC-GACTAAC-3Ј and 5Ј-GGTACATTTGTTAATGGCGAGTCG-3Ј for SOCS2 (GI: 76780240), 5Ј-TTCTTCACACTGAGCGTCGAGA-3Ј and 5Ј-CTTGAGTACACAGTCAAAGCGGG-3Ј for SOCS3 (GI: 3319323), 5Ј-CGAGAGAAGACGGCTTAGTATCGA-3Ј and 5Ј-CACGAG-GCAGTGTATGTAATCGATC-3Ј for SOCS5 (GI: 31418506), 5Ј-TCAAGATGGAGATCGCGAGTG-3Ј and 5Ј-CACCTCCATGG-GAGAAGACGTAT-3Ј for SOCS6 (GI: 55154428), 5Ј-CTTCCCATCAC-CCCTGTAAA-3Ј and 5Ј-ACGTTGTTGGGAAATGGTTC-3Ј for LIF (GI: 3298136), 5Ј-CAAGACCATCCAACTCATCTTG-3Ј and 5Ј-CA-CAGTGAGGAATGTCCACAAAC-3Ј for IL-6 (GI: 7549768), and 5Ј-CGGCTACCACATCCAAGGAA-3Ј and 5Ј-TGCTGGCACCAGACTT-GCCCTC-3Ј for 18S (GI: 57149). The reactions were performed in QuantiTect SYBR Green PCR buffer with HotstarTaq DNA polymerase. The PCR program was 1 cycle of 2 min at 50°C, 1 cycle of 15 min at 95°C, 45 cycles of denaturation for 20 s at 95°C, annealing for 30 s at 55°C, and extension for 45 s at 72°C. Samples were tested in triplicate, and average values of the threshold cycle were used for quantification. The concentration of 18S mRNA in each sample was used as an internal control.
In situ hybridization. Mouse SOCS3 was subcloned into pBluescript SK(II) (Stratagene, La Jolla, CA) RNA expression vector, and the plasmid was linearized. Digoxigenin-labeled cRNA probes were generated by in vitro transcription from 1 g of SOCS3 plasmid, performed with the DIG-RNA labeling kit (Roche Diagnostics, Penzberg, Germany). The digoxigenin-labeled cRNA probes were treated by alkaline hydrolysis to reduce their size to ϳ200 bases. Cryostat sections from freshly frozen rat ipsilateral and contralateral DRGs were mounted on the same slide, fixed in paraformaldehyde, dehydrated in ethanols, hybridized overnight at 42°C, washed to a stringency of 0.2ϫ SSC at 50°C, and incubated in 4-nitro blue tetrazolium chloride plus 5-bromo-4-chloro-3-indolylphosphate and levamisole until color product was visible. Construction of lentivirus vectors. Mouse SOCS3 Image clone (5707539; Geneservice, Cambridge, UK) was cloned into the pcDNA3.1(ϩ) vector. Mouse mSOCS3, carrying a point mutation from phenylalanine to alanine (F25A) in the kinase inhibitory region (Sasaki et al. 2000) , was generated by mutagenesis PCR. STAT3ER, a conditionally active form of STAT3 (Matsuda et al., 1999; Milocco et al., 1999) , was generated by ligation of mouse STAT3 to the ligand-binding domain of mouse estrogen receptor (ER) modified (G525R) to recognize 4-hydroxy-tamoxifen (4HT) but not endogenous estrogen. Subsequently, green fluorescent protein (GFP) behind an internal ribosome entry site (IRES) was inserted downstream of SOCS3, mSOCS3, or STAT3ER in the pcDNA3.1(ϩ) vector. SOCS3, mSOCS3, and STAT3ER together with IRES-GFP were digested from pcDNA3.1(ϩ) vector with enzyme and cloned into the PmeI restriction site of the lentivirus transfer vector pRRL-MCSϩ (Ruitenberg et al., 2002) . The integrity and orientation of the sequences were confirmed by DNA sequencing. Nonreplicative lentiviruses for GFP, SOCS3, mSOCS3, and STAT3ER were each generated by cotransfection of three plasmids, the viral core packaging construct pCMVdeltaR8.74, the vesicular stomatitis virus G envelope protein vector pMD.G.2, and the transfer vector (pRRL-SOCS3-IRES-GFP, pRRLmSOCS3-IRES-GFP, pRRL-STAT3ER-IRES-GFP, or pRRL-GFP) into human embryonic kidney 293T (HEK 293T) cells via calcium precipitation (Ruitenberg et al., 2002) . Virus was concentrated by ultracentrifugation and titered in HEK 293T cells by counting GFP-positive cells. The titers of the virus stocks were ϳ10 9 transducing units/ml. Cell line cultures. Human neuroblastoma SH-SY5Y cells were cultured in a 1:1 mixture of Ham's/F-12 and Eagle's minimal essential medium supplemented with 10% (v/v) fetal bovine serum. To examine the expression and function of SOCS3 constructs, SH-SY5Y cells were transduced overnight with lentiviruses to produce SOCS3, mSOCS3, or GFP alone.
Neuron cultures. Adult rat DRGs associated with normal or transected sciatic nerves were dissociated in 0.125% collagenase type XI (Sigma, St. Louis, MO). Dissociated cells were centrifuged through an albumin cushion to enrich for neurons. For experiments involving mRNA measurement, neurons were grown on poly-L-lysine-coated dishes in N2 medium for 2-20 h. Two techniques of infection by lentivirus were used, each with multiplicity of infection (MOI) of ϳ500. In experiments involving SOCS3 or mSOCS3, neurons suspended in N2 medium were infected for 24 h. In experiments involving STAT3ER, lentivirus was added 1 h after the neurons were plated. In either case, the neurons were maintained in serum-free N2 medium on poly-L-lysine-coated slides in 8-well chambers at 1000 neurons/well for an additional 20 h for neurons from DRGs associated with nerve injury or for 40 -44 h for neurons from DRGs associated with uninjured sciatic nerves. The shorter time in vitro was used for conditioned neurons because their neurite outgrowth is accelerated (Smith and Skene, 1997) . After culturing for 20 -44 h, neurons were fixed and immunostained for ␤3-tubulin and, when appropriate, ER. For quantification analysis, the length of the longest neurite of each neuron was measured with ImageJ software (W. S. Rasband, http:// rsb.info.nih.gov/ij /, 1997-2006) . Culture for each group was performed in triplicate or more and for each well, and 200 -400 infected neurons were quantified. Median neurite lengths and frequency histograms of neurite lengths in three bins (Ͻ30 m, 30 -200 m, and Ͼ200 m) were analyzed.
Immunocytofluorescence. Neurons were fixed with 4% paraformaldehyde and incubated overnight at 4°C with primary antibodies, rabbit anti-py-STAT3 (1:200; Cell Signaling Technology, Beverly, MA), mouse anti-␤3-tubulin (1:400 -1:1000; Sigma), or rabbit anti-ER antibody (1: 500; Upstate Technology, Charlottesville, VA) in TBS/T; washed; incubated with secondary antibodies conjugated with tetramethylrhodamine isothiocyanate, fluoroscein isothiocyanate, or 7-amino-3-methylcoumarin acetic acid; and mounted with anti-fade reagent. Images of lentivirus-infected neurons were captured for analysis by NIH ImageJ software.
Western blot analysis. Lysates from human neuroblastoma SH-SY5Y cells were subjected to SDS-PAGE. The proteins were transferred to polyvinylidene difluoride membranes, which were incubated with primary antibodies to phosphorylated tyrosine-704 STAT3, STAT3, phosphorylated ERK, and ERK (all from Cell Signaling Technology) and then with the appropriate horseradish peroxidase-conjugated secondary antibody (Amersham Biosciences, Buckinghamshire, UK). Bands were visualized by enhanced chemiluminescence and quantified with NIH ImageJ software.
Statistics. Student's t test was used to compare means, logarithmic regression analysis by least squares was used to establish correlations, and 2 test was used to compare distributions in frequency histograms.
Results

Presence of SOCS mRNAs in injured neurons in vivo and in neuronal cell cultures
In extracts from normal rat DRGs, mRNAs for CIS and SOCS1-7 were detected by reverse transcription-PCR (data not shown). SOCS4 and SOCS7 were not studied further because their function is unknown. After sciatic nerve transection, CIS and SOCS3 mRNAs increased substantially (Fig. 1a) . For both mRNAs, the increase was significant at all time points measured between 6 and 96 h, although the change in CIS appeared to peak at 12 h whereas the change in SOCS3 persisted for at least 1 month (data not shown). SOCS1, SOCS2, and SOCS5 mRNAs also increased, in some cases, significantly but less dramatically. In situ hybridization in DRGs associated with sciatic nerves that had been transected 1 d previously (Fig. 1c) demonstrated the presence of SOCS3 mRNA within many large-and medium-sized neurons. A reaction product was not seen in DRGs associated with uninjured sciatic nerves (Fig. 1b) nor in sections reacted with sense mRNA (data not shown). The results indicate that the concentration of SOCS3 mRNA within DRG neurons increases considerably after nerve injury. mRNAs for CIS, SOCS1, SOCS2, and SOCS3 were also assayed in preparations of cells dissociated from DRGs, enriched for neurons, and maintained in vitro (Fig. 1e ) and were compared with values in whole DRGs frozen immediately after removal. SOCS3 mRNA increased ϳ50-fold within 5 h after removal of DRGs and plating of cells and remained at a similarly high concentration after an additional 18 h in culture. mRNAs for CIS and SOCS1 also increased, although more slowly and to a lesser extent than did SOCS3 mRNA. For comparison, mRNAs for LIF, IL-6, and CNTF were also measured in the same cell preparations (Fig.  1d) . Concentrations of IL-6 and LIF mRNAs but not CNTF increased to a similar order of magnitude as did that of SOCS3 Figure 1 . Induction of SOCS3 mRNA in injured neurons. SOCS mRNAs in DRGs removed 6 -96 h after sciatic nerve transection and cultures of DRG cells enriched for neurons are shown. a, Real-time PCR measurements. For each time point and each SOCS, the ratio of SOCS mRNA to 18S RNA in DRGs ipsilateral to the sciatic nerve transection was normalized to the ratio in contralateral DRGs (mean Ϯ SD; n ϭ 3 animals; *p Ͻ 0.05 vs contralateral DRGs by Student's t test). b, c, Photomicrographs of in situ hybridization preparations to illustrate the presence of SOCS3 mRNA in DRG neurons ipsilateral (c) but not contralateral (b) to nerve injury. Scale bar, 50 m. d, e, Real-time PCR measurements of SOCS and cytokine mRNAs in DRG neurons after cell dissociation and cell culture. For each condition and each SOCS or cytokine mRNA, the ratio of SOCS mRNA to 18S RNA in DRGs was normalized to the ratio in normal DRGs frozen immediately after removal. 1, Freshly harvested whole DRGs; 2, cell preparation enriched for neurons several hours later after dissection, dissociation, and centrifugation; 3, neurons after an additional 20 h in culture in serum-free medium (means; n ϭ 3 animals). mRNA, although the induction of the gp130 ligand mRNAs was, if anything, slower than that of SOCS3 mRNA. The results show that mRNAs for SOCS3, IL-6, and LIF appear rapidly in preparations of DRG neurons used for cell culture. The latter two may help to maintain survival and neurite growth of neurons in serum-free medium.
Actions of SOCS3 and mSOCS3 in neuroblastoma cells
Two lentivirus constructs were prepared to deliver either naive SOCS3 or mSOCS3, mutant SOCS3 inactivated by a phenylalanine-to-alanine mutation at amino acid 25 in the kinase inhibitory domain, each linked to GFP through an IRES, and their efficacy was tested in SH-SY5Y neuroblastoma cells. As judged by green fluorescence, ϳ95% of cells were successfully transduced by either construct. By real-time PCR, the concentration of SOCS3 mRNA induced by the virus was Ͼ1000-fold greater than the endogenous concentration as measured with primers straddling the translation start site (data not shown). Western blots were performed to confirm the expression of SOCS3 proteins (data not shown) and to analyze the influence of the constructs on tyrosine phosphorylation of STAT3 in response to 20 pM CNTF for 30 min (Fig. 2a,b) . CNTF-mediated STAT3 phosphorylation was inhibited by lentivirus vector (LV)-SOCS3 and unaltered by LV-mSOCS3. In confirmation of previous evidence that SOCS3 activates Ras (Cacalano et al. 2001) , both basal and post-CNTF levels of ERK phosphorylation were greater in cells transduced with LV-SOCS3 than in cells transduced with LV-GFP (Fig. 2c,d) . Furthermore, LV-mSOCS3 was shown to inhibit the phosphorylation of ERK induced by CNTF. These observations show that SOCS3 and mSOCS3 modify STAT3 and ERK signaling in the SH-SY5Y neuroblastoma cell line.
Reduction by SOCS3 of phosphorylated STAT3 in neuronal nuclei
In adult DRG neurons in vitro, transduction rates for LV-SOCS3 and LV-mSOCS3 at an MOI of 500 were 20 -30% as judged by the presence of GFP. After cells had been maintained in culture in the presence of LV-GFP, LV-SOCS3, or LVmSOCS3 for 24 h, the influence of SOCS3 on the nuclear content of tyrosinephosphorylated STAT3 was assayed by immunocytochemistry (Fig. 3) under basal conditions or 45 min after the addition of IL-6 or CNTF. Because exogenous IL-6 had no effect beyond that of endogenous IL-6, the results with no exogenous gp130 ligand or with IL-6 were pooled. The ratio of nuclear to cytoplasmic phosphorylated STAT3 tended to decrease with an increasing amount of GFP fluorescence, and no cell with strong green fluorescence had a high ratio. CNTF increased the mean ratio of nuclear to cytoplasmic phosphorylated STAT3, and, in this group also, cells with strong GFP fluorescence had low nuclearto-cytoplasmic ratios. In other experiments, the nuclear-to-cytoplasmic ratio of phosphorylated STAT3 immunureactivity was found to be 0.55 Ϯ 0.30 (mean Ϯ SD) in GFP-transduced neurons and 0.42 Ϯ 0.22 in SOCS3-tranduced neurons: the difference was significant at the 0.01 level by the Student's t test. From these observations, it was concluded that STAT3 can be phosphorylated and translocated to the nucleus in a subset of DRG neurons and that this process is blocked by exogenous SOCS3.
Conditional nuclear translocation of STAT3 and its inhibition by SOCS3
When DRG neurons were infected in vitro with lentiviruses bearing STAT3ER and GFP or GFP alone at an MOI of 500, the efficiency of infection was ϳ20 -30% (data not shown). In neurons infected with LV-STAT3ER, ER immunoreactivity was detected readily, but GFP expression was relatively weak, demonstrable by immunostaining but not by native fluorescence. In the STAT3ER construct STAT3 was fused to the ligand-binding domain of the ER modified at a single amino acid residue so as to recognize 4HT but not estrogen. The effectiveness of this construct after transduction into neurons was confirmed by assessing nuclear translocation of STAT3ER after stimulation of 4HT (Fig.  4) . Without 4HT stimulation, nuclear ER immunoreactivity was found in 2% of ER-immunoreactive neurons. After stimulation with 0.5 M 4HT for 40 h, nuclear translocation of STAT3ER was seen in 46% of ER-positive neurons. Other DRG neurons were transduced with both STAT3ER and SOCS3. In neurons with these two constructs, we were surprised to find that administration of 4HT failed to induce nuclear translocation of STAT3ER. From these results, it was concluded that the STAT3ER construct effectively provided inducible nuclear translocation of this transcription factor and that SOCS3 blocked the nuclear translocation of STAT3ER.
Enhancement of neurite outgrowth by STAT3
To assess the influence of STAT3 on neurite outgrowth, DRG neurons were plated on a poly-L-lysine substratum, infected with lentivirus to deliver GFP or STAT3ER, and cultured in the presence or absence of 4HT for a total of 40 h. Neurons then were fixed, and the length of the longest neurite was recorded for each ERimmunoreactive neuron (Fig. 5) . In neurons transduced with LV-GFP, median neurite lengths in the absence or presence of 4HT were 26 and 21 m. In neurons transduced with LV-STAT3ER, median neurite lengths in the absence or presence of 4HT were 53 and 86 m. The distribution of neurite lengths for neurons transduced with LV-STAT3ER and stimulated by 4HT differed with very high significance by the 2 test from that for neurons transduced with LV-STAT3ER but not treated with 4HT and from that for neurons transduced with GFP alone. The mere presence of STAT3ER, without activation by 4HT, also sufficed to increase neurite length significantly, albeit to a lesser extent. Of other neurons infected with both LV-SOCS3 and LV-STAT3ER, only 10% had neurites longer than 30 m, even after 4HT administration. These results indicate that activation of STAT3 signaling in DRG neurons increases neurite growth but that the effects of direct dimerization of STAT3 are blocked by SOCS3.
Inhibition of neurite outgrowth by SOCS3 and enhancement by mSOCS3
The effects of LV-SOCS3 and LVmSOCS3 on neurite outgrowth were then evaluated. Two assays were performed with neurons from DRGs associated with normal sciatic nerves (unconditioned) or nerves that had been transected 3 d previously (conditioned). In either assay, neurons were dissociated and maintained in suspension for 24 h in the presence of one of the three lentivirus constructs and plated on poly-L-lysine-coated wells. Neurons taken from DRGs with or without conditioning were maintained for an additional 20 or 44 h, respectively. They were then processed for ␤3-tubulin immunocytochemistry, and neurite lengths were recorded for all green fluorescent neurons that were distinguishable from their neighbors (Fig. 6 ). For conditioned neurons (Fig. 6d,f ) , LV-SOCS3 decreased the median neurite length from 116 m to 0 m, and LV-mSOCS3 increased the median length to 162 m. Compared with LV-GFP-transduced neurons, the changes in median and distribution of neurite lengths of conditioned neurons infected by LV-SOCS3 were highly significant, but those for LV-mSOCS3 were not. For unconditioned neurons transduced with LV-GFP, LV-SOCS3, and LV-mSOCS3 (Fig. 6e,g ), median neurite lengths were 0, 0, and 35 m, respectively. The differences in distribution of neurite lengths of unconditioned neurons were significant for both LV-SOCS3 and LV-mSOCS3 compared with LV-GFP. Although the median neurite length was 0, there were always some neurons with neurites (Fig. 6d,e) and no morphological indication that neurons without neurites were otherwise unhealthy. The results of these experiments indicate that exoge- nous SOCS3 inhibits neurite growth and that counteracting of endogenous SOCS3 can enhance neurite outgrowth, at least in unconditioned neurons.
Discussion
Influence of STAT3 on neurite outgrowth
The results show that STAT3 signaling has a beneficial effect on neurite growth. Mere transduction of STAT3ER is sufficient to increase neurite growth beyond baseline levels, and activation by 4HT results in a highly significant further outgrowth of neurites. We attribute the influence of nonactivated STAT3ER to spontaneous dimerization and nuclear translocation of the unphysiologically high concentration of the molecule. STAT3ER is seen in 2% of neuronal nuclei at any one time but may influence many more neurons if its stay in the nucleus is short relative to the consequences of its transcriptional activity. The influence of signaling through the chimeric STAT3ER complex may be underestimated because of baseline STAT3 signaling, manifest by the presence of phosphorylated STAT3 in the nuclei of neurons (Fig.  3d) and presumably stimulated by IL-6 and LIF in the culture medium (Fig. 1c) . The general effect of STAT3 on neurite growth is unequivocal. It seems a reasonable assumption that STAT3 stimulates neurite outgrowth by modifying the transcription of genes (Dauer et al., 2005) with products that are transported to the growth cone to influence growth-promoting events. One of several candidate proteins is small proline-rich protein 1A, which is induced by gp130 cytokines (Pradervand et al., 2004) and associates with actin in growth cones (Bonilla et al., 2002) . However, the molecular mechanisms by which STAT3 promotes neurite outgrowth remain undefined.
Effects of exogenous SOCS3
Another conclusion of this study is that exogenous SOCS3 can inhibit neurite outgrowth in primary sensory neurons. The inhibition is highly significant but partial either because SOCS3 is active in only a subpopulation of neurons or because it is partially active in all neurons. One possibility for the incomplete inhibition is that the molecular events that lead to axonal growth have been substantially initiated before effective concentrations of SOCS3 are achieved by infection of cultured neurons with an LV. Although STAT3 favors neurite growth and SOCS3 blocks phosphorylation and nuclear translocation of STAT3 (Fig. 5) , it cannot be assumed that inhibition of STAT3 signaling is the only or major mechanism by which SOCS3 blocks neurite outgrowth. In addition to interfering with gp130/JAK/STAT3 signaling, SOCS3 interacts with other signaling molecules such as growth hormone receptor (Greenhalgh and Alexander, 2004) , the insulin receptor (Ueki et al., 2004) , focal adhesion kinases (Liu et al., 2003) , src family kinases (Sitko et al., 2004) , NFAT (nuclear factor of activated T cells) (Banerjee et al., 2002) , and gp120 rasGAP (Cacalano et al., 2001 ), all of which could be implicated in the lengthening and branching of neurites.
Because studies on the actions of SOCS3 have focused on its interactions with gp130 and JAKs, our assumption in experiments with cotransduction with SOCS3 and STAT3ER was that SOCS3 would not interfere with downstream events such as dimerization and nuclear translocation of the chimeric molecule. In fact, the results indicate an inhibitory influence of SOCS3 on STAT3 itself. Although we know of no evidence that SOCS3 interacts directly with STAT3, SOCS3 does mediate ubiquitination and degradation of insulin receptor substrates 1 and 2 (Rui et al., 2002) . The present evidence for a direct blocking action of SOCS3 on STAT3 indicates a novel mechanism of action of SOCS3 in the STAT3 pathway and confounds attempts to investigate whether the blocking action of SOCS3 on neurite growth is mediated by blocking of STAT3 signaling or blocking of other pathways.
We have not examined the possibility that SOCS3 impairs the survival of rat DRG neurons (Yadav et al., 2005) but do not believe that increased cell death alone could explain the inhibition of neurite growth by SOCS3.
Effects of endogenous SOCS3
mSOCS3 acts as a dominant-negative reagent, blocking the actions of endogenous SOCS3 (Sasaki et al., 2000) . Consequences of this action are to inhibit ERK signaling ( Fig. 2) and, presumably, to enhance STAT3 signaling.
Observations that mSOCS3 significantly enhances neurite outgrowth in vitro, at least from neurons that have not been conditioned, demonstrate that endogenous SOCS3 exercises some restraint on neurite growth. The relatively small magnitude of the effect of mSOCS3 may not represent accurately the function of endogenous SOCS3 but rather may be related to the timing of mSOCS3 synthesis and critical events in the induction of neurite growth. Observations of a strong propensity for axonal growth in vivo and in axotomized DRG neurons (Richardson and Issa, 1984; Neumann and Woolf, 1999) with at least 10 times normal concentrations of endogenous SOCS3 mRNA ( Fig. 1) suggest that the influence of endogenous SOCS3 on axonal growth in these neurons is limited. However, no information is available on the concentration of SOCS3 protein as opposed to mRNA in neurons nor to the distribution of SOCS3 among neurons. Also, it remains possible that SOCS3 contributes to the inability of many CNS neurons to mount an effective regenerative response. The demonstration that endogenous and exogenous SOCS3 each has an inhibitory effect on axonal growth warrants further investigation into the molecular mechanisms of this morphological action and into therapeutic manipulation of the STAT3 and SOCS3 signaling pathways.
